Probing properties of hadron production at RHIC:
Hints of Thermalization and Collective Behaviour

Outline

« Stages of Heavy ion collisions;

- *Hydrodynamical description;
* Particle density at RHIC;
* Thermodynamical description;

N - Strangeness and rescattering.

“The Great Wave of Kanagawa”, Katsushika Hokusai (1760-1849).

Boris Hippolyte (YALE), for the STAR Collaboration.
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Boris Hippolyte

G| The Phase Transition in the Laboratory
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Boris Hippolyte
EPS

Geometry of the Collision ...

Non-central
Reaction plane

Number of participants (N, ): number of incoming Expansion of the fireball:
nucleons in the overlap region higher pressure gradient in
Number of binary collisions (N, ): number of the reaction plane

inelastic nucleon-nucleon collisions ellipsoidal = spherical
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EPS

Elliptic Flow: the early stages of the collision ...

Modeling the Ideal Liquid  Assumes local thermal equilibrium (zero
mean-free-path limit) and solves
equations of motion for fluid elements
("constituents”... not particles!)

(i) Equations given by continuity,
conservation laws.

(ii) Equation of state (EOS) which relates

quantities (P, T,chemical potentials,V).

Reaction plane

14
;:'=1me3
1.2 &
Kolb, Sollfrank ,
1 & Heinz, EQS |
ﬂé 08 hep-ph/0006129
>
Qos
(=3
0.4
Direct access to underlying physics but initial o, -7 __--
conditions are needed as well as hadronization f_,_,,
mechanism(s). % 1 2 3 4
dN dN 1 e (GeVim®)

dYp,dp,de  dYp,dp, 27 (1+2v, cos(p) + 2v, €0S(2¢) + 2V, COS(4¢) + .
TEFT THYMT
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i Elliptic flow
v, =(cos2(p—¥,))

PHOBOS: Phys. Rev. Lett. 89, 222301 (2002)

STAR: Phys. Rev. Lett. 86, 402 (2001) STAR: Phys. Rev. Lett. 90, 032301 (2003)
1 = L L L — '-Il 035 J : ! i
> o1 ] |] 1 Hydrodynamic limit | - % 03k " 3{1) ;7 % ;
: . : > L A 1 1 % fi
STAR i ]
0'08: |] 9 progos 1 o2 - 0-10 % *H_—¢—+ 4*7
¢ ¢ ﬂ 1 oz o —+— 5
0.06— o ® -4 0 . :
B ® Qu i [
u 4 0.15}
0.04— E — [
. 9 i 0.1}
002 ... ¢ 1 oo}
| RQMD ................ ] i
0_ - 1 ) 1 ) I RS LI YT TONEE B ot
0 0.2 04 06 0.8 1 0
I-|chlnmax

Compilation and Figure from M. Kaneta

First time in Heavy-lon Collisions a system created which at low
p; Is in quantitative agreement with ideal hydrodynamic model
predictions for v, from most central to mid-central collisions
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EPS cp. . .
Identified Elliptic flow at low p+
10} 1 %" 200GevAu+ AU 'f
++ STAR T[+ (minimum bias)
<« hydro 0.1 ¢ g
S —— resonance gas STAR Data £ .
N | — RG +QGP 8
5} 0.06
0.04
0.02
0
0 . | . i M 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
0 0.25 0.5 0-73 (GeV)1 Transverse momentum p; (GeV/c)

Hydro calculations: Kolb, Heinz and Huovinen

Clear mass dependence; signature of collective flow (not only in hydro)

Hydrodynamics gives reasonable description of various mass particles at low transverse
momenta

Hydro calculation constrained by particle spectra

|
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ERS
Energy dependence of v,
NA49 Phys.Rev. C 68 (2003) 034903
Nl}.{'g__ T T T T T T T T T T T T T T T o ﬂ.Uﬁ. LI L AL AL T — 1T 1T rrrr| T -
> T o v,{4)200 GeV STAR charged particles ’ > ossk E
0.08 O v,{4}130 GeV STAR charged particles = ' : 3
0.07= & v,{4}17 GeV NA49 pions E 0.05 r
0.06" | {”J'_:;;Fq - jj E 0.045 E
- g — = = '.:_ E
0.05~ OO o = 0.04 : ;
004 Y | [ E 0.035 :
0 035_ O i F ‘|l _E 0.03 ;‘- %) :1) -
l}.uz; o —E 0.025 [:+ B N9 sitimod 3
= STAR r MNAAD cumul ]
O : 0.02¢ ; EEEEEEN} E
0.01 E + Preliminary _E 0.015 = E;ﬁrﬁ!}c E
o o 1 ' : Phobos -
10

cross section [%]

For predictions:
P.F. Kolb and U. Heinz, nucl-th/0305084;
Pasi Huovinen, nucl-th/0305064.

D. Teaney, J. Lauret and E.V. Shuryak, nucl-th/0110037.

R
\|5HN (GeV)

= Smooth dependence vs energy
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Particle Density: integrated over time ...

|
FS

-
(=]

Peripheral

&

23/08/04

\ -

:\ EIAFI Preliminary sy, = 200 GeV
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Central

Expanded fireball

|

Particle emission dominated
by the later stages

For correlations results, see
Paul Chung (Thursday aft.)
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EPs Particle Density near Mid-Rapidity (|n|< 1)

19.6 GeV 130 GeV 200 GeV
800,
How do RHIC colliding energies _ 600 per'lphezzln tral | S
translate into mid-rapidity g 400 ‘ ;

hadron production at RHIC ?

5 0 5-5 0
— I
- Sk RHIC comb. 130 GeV — Models prior | Pseudo-rapidity (n)
6 - @ PHOBOS (RHIC) : to RHIC _ L
g s () p+p su.p g sition S Npar“l’ SCGllng
EE- 4_— A ES66/E917 (AGS) ; 3
= X i Au+Au @ 200 GeV
3 2l 3” “p i} System: ¢ > 5 GeV/fm3
o i ﬁJs . . Q :
‘, —_— )
oL ?f .
\]_ (GeV) See talk from Rosa Anna Fini (this aft.)
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1
dN, /(AN )

EPS . : :

Centrality Dependence on Particle Density (|n|< 1)
+[ 200 GeV Results from FHoBES
£ .......o-oo om to
2 :
1F- o 125 ;
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(N ) Absence of centrality dependence
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i, Identified particle spectra at 200 GeV
T NG I LS @k Ty @
c{.lﬂ -1 . 1 '- - ¥ ":'.".' -‘. TG_
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_h‘-w...—
Examples of particle spectra from both PH ‘ENIX and S STAR
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¥  Thermal Description of the System: T, and

Statistical Thermal models describing the system at chemical freeze-out:
assume an ideal hadron gas chemically and thermally equilibrated

(nj) = (ZJ(ZI)})V / d®p [e‘v’ pg**“?ff‘“*“‘qjﬂ"il]_l

— — 1 — 1" —
o b/p osf A o o) i q/0
. ° 0.7] oS - i
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. . 0.025 [ Itit o.01f N
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I B Tl e e e I
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D. Magestro, J. Phys G28 (2002) 1745; updated July 21
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Wil Thermal Description at RHIC (200 GeV)
+ + ! i Y N
BX RurrRRROVIX o 72_
e BaN BRI <3 AR
® Au+Au 3 T .
O _
. 0 - ® ]
Fit to 107L - » -
—TC, Ka p ; = l. ? ;
107 . _
- - ® For SIS to SPS energies,
- - talk from Herbert Stroebele
10_3;_ : (Wedn%sday morn..)

Chemical freeze-out around 160 MeV, close to expected critical temperature;

Deviations of the resonance yields compared to thermal model predictions
indicative of hadronic phase (rescattering) after chemical freeze-out

23/08/04 NPDC18 - Praha 13
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6 " ;; Centrality and Energy Dependence of the Parameters
at 200 GeV and 62 GeV

2 ool b ' s ¥ 1 T
S 200 -----nK--p ------ [N BT . b
5 | o 60F-Lg- Lo loi I -
- _?E i g § i i- = _i §§+ i § . TE’K‘iip’A)H
1so| E= L L% T ¥ 4 | : :
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: 11| FO S - ! SN - A
11011 SRR UURURNUR: SUPNRRRNS S : _géi 48 4 s
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2 opsrr ;} ------------ ) LHRS SR MU B S
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A XL T ety ot
e e . . . S S L
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_ N; N,
See talk from Krzysztof Redlich (Tuesday morn.) Enerax deEendence but small cem‘rali‘rz deEencFence...
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EPS Strange Meson Production

Results from BRAHMS g (T=170MeV)

Kaons carry large percentage 1.0
of strangeness content. o A
K-= us ! e
K*= su 0.8

Ratio (~ u/u) shows pair :
production vs baryon K osl
transport. Ko™ BRAHMS (200 GeV)

: O BRAHMS (130 GeV)
B v NA49 (17 GeV)

By varying rapidity range, we can 0'4- A NA44 (17 GeV)
study many different physics - m E866 (5 GeV)
regions (mapping i) 02L# — Becattini et. al

Fy oo by oy T T
0.0 0.2 0.4 0.6 0.8

See talk from Dieter Roehrich (Thursday aft.) p/p
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Strange Baryon Enhancement at CERN : NA57

eavy ions yields normalized to elementary collisions at same energy

See talk from Helena Bialkowska (Friday aft.)

3 NA57 Preliminary | o
o Vs=88GeV | o
O 40l oA !_ O 40l 'A,, i
= 10_ — L . 10_ = ]
= | . — {4 = B . =
o | L
0 _ IS INC T
E !g E (95% confidence level)_
z e |Z
ke ] O ]
[ [
= = ¢ o¥
1__'% """""""""""" 1__".I """"""" .""""__
| IIIIIII| | | IIIIII| | 1 1 | IIIIIII| | IIIIIII| | 1 1
1 10 102 1 10 102
Part NF'art

Is the scaling correctly reproduced and is the correlated volume the same for all hyperons ?
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..or Phase space Suppression

[Tounsi & Redlich: hep-ph/0111159]

@ . —.
%_ Preliminary E
o NA57 @ 8.8 GeV
_910_ NAS7 @ 17.2 GeV
g r STAR @ 200 GeV
2
S 7
o
=
]
[
Z
—
O
Q
> - ———
IIIIIIII| IIIIIIII| 11
1 10 10°
Fart

Yield/N__. relative to pp

7 88GeV
£
100 ./ i
B I
.i"
r
I 17.2 GeV
< ’l' ............... i
f #‘i ................
L
lrl'.l.."
1;"’:" i
&
e
| IIIIIII| | IIIIIII| | 11
2
1 10 10
N

Part

Boris Hippolyte

23/08/04
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ESTAR

wi Phase space suppression smaller at RHIC

3 e STAR Preliminary
O - 4
e N =130 Gev S \s = 200 GeV
0 --A e A
= = - —+
10 = e 15810 mz
2 - = A QO+0 % #@
z s z - _
O 3 e !?
O @ s 27
> ,' _________________ > Q
| B -
| 11 IIIII| | 11 IIIII| 1 11 | 1 1 |||||| | 1 1 |||||| | 1 1
1 10 10° 1 10 10°
Il\lF'art NF'art

23/08/04 o Need some hew “predictions” ... 18
a Correlation volume not well modeled by N,




Boris Hippolyte

@f‘ Hydrodynamics and Description of Thermal Spectra

» Final state spectra at Thermal ‘' -
Freeze-Out can be modeled by ideal % 10
hydrodynamics S )

Especially mass dependence with: =

 “temperature” T, o
- collective radial (transverse) flow ;

Central Aut+Au
N, Vs =200 GeV

See talk from Boris Tomasik (Friday morn.)

light 1L~y N
E STAR™ "
\ « [ ;
heavy - wK*3  PHENIX

_'1 - .
10 | +p*3 o=

explosive My V=15 oK*3 \
Source light Q%30 s 1*
\t X ' | " | | \
— T — 0 0.5 1 1.5 2
4 | N heavy
m

purely thermal
source

1/m; dN/dm

1/m+ dN/dm-

m.-m, (GeV/c)

Hydro (P. Kolb & U. Heinz) with initial flow kick
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Kinetic Freeze-out ) at 200 GeV

(*) with the ’poor experimentalists’hydro”: Blast-wave fit !

9 8 7 6 5 4 3 2 1

o
Gyig/O (%) 80-70 7O-60 60-50 50-40 40-30 30-20 20410 105 50

trig’ - geom

T T T Ly . T T
1 I 1 I s 'l'..i . I |
DE = M T =
. L Y

- L1 -
- L]

L] -
Y

D 18 - ‘1}{55} t“l‘.‘.i“ -
Chemical freeze-out '.:-:.“‘ .

016 I~ temperature Tgp, ‘-:::.““HIESSS} -
9 R

0.14 |- o % X 11‘ -
0.12 | p+p 7 655 -
5 A
0.1 3 -
(. K, p) 2
Au+Au (1-0)

DDB = mEmmwme-- —

005 L Au+Au (2-0) STAR preliminary
1 M | " 1 L 1 " | 2 1 L 1
0 0.1 0.2 0.3 0.4 0.5 0.6

Temperature T, (GEV}'CE)

Collective velocity {B;> (c)
—n,K,p: T,;, decreases with centrality, =: T, = const
—¢, Z and Q with low hadronic cross section but strong radial flow
—See talk from Magali Estienne (Friday aft.)
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Identified particles at intermediate to high-p+

STAR Preliminary (Au+Au @ 200 GeV)

" Scaling

[ ; I ’ I

—— binary
o participant

A K ® A+A _0-5%
A Ki <> hi 40- 600/0
0 | 2 | 4 | 6

Comparison of the shapes of the spectra between different centrality
classes: Species can be separated in two groups...

Mesons

Baryons

Apparently not a simple
mass effect (change in the
shape of the spectra due
to radial flow)

Transverse Momentum p(GeV/c)

See talk from Rene Bellwied
(Friday aft.)

Information about hadronization process(es) ?

23/08/04
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Coalescence: possible mechanism at intermediate p+

The in vacuo fragmentation of a high
momentum quark to produce hadrons .
competes with the in medium recombination o |
of lower momentum quarks to produce b

hadrons See talk from Peter Levai (Thursday morn.)
Example:
- Fragmentation: D, _.(z)

produces a 6 GeV/cn
from a 10 GeV/c quark

) Recombina.rion: 167%_ 1 2 3 4 <) 6 7 8 9 10
‘produces a 6 GeV/c« o (Gev/)

ERPS

-
(=]
w
m

E d%/d’p (mb/GeV?)

from fwo 3 GeV/c quarks [ eqijires the assumption of a thermalized
*produces a 6 GeV/c proton | parton phase... (which) may be
from three 2 GeV/c quarks | appropriately called a quark-gluon plasma

Fries, et al, PRC 68, 044902 (2003)
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ERS . .
Baryon Enhancement at intermediate p+
Fries et al., PRC 68, 044902 (2003) )
1.2 | 0 X STAR ® AutAu, 0-5° !
— ' * K's STAR < | Preliminary " Al 5/°fe"tra
‘aE 1.0 . 4 A+ASTAR - : Au+Au, 40-60% central
g .+w ...}TT-—l — Kus {b=3”{b=12} R+F’ 1.6— @@’é‘ pp
8: 0.8 ‘ ¢f QY’I === A+A(b=3)/(b=12) R+F i * —8— STAR
— ' 1.2 N
S J_ l
a“-?'_ 0. i tyl I Ia 0 +
E 0.8 T
e 0. _
> — WLETT Jf#
So. 4
0 | :CH
' § 9 10 % 1 2 !
pT (GeVic)

For different models:
D. Molnar, S.A. Voloshin Phys. Rev. Lett. 91, 092301 (2003)
V. Greco, C.M. Ko, P. Levai Phys. Rev. C68, 034904 (2003)

Z. Lin, C.M. Ko Phys. Rev. Lett. 89, 202302 (2002)

R.J. Fries, B. Muller, C. Nonaka, S.A. Bass Phys. Rev. C68, 044902 (2003)

23/08/04 NPDC18 - Praha
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ERS . p. . . . . .
Identified Elliptic flow at infermediate to high p+
o~ : ~ | ' | ' | ' I
0.3 — BlastWavefitto= ,, 0.5 n:2 o qet+4y PHENIX n:3 o +F—)PHENIX_
0.25 _Hydro model A K++ K- PHENIX —STAR
T & 0 STAR . T :STAR
L j 01 +K =4
T W c
0.15 A 1 ~N +
- % > , %*,i' q+ +
' 0.05— 0 fﬂ |
T -4 0" ¢
0.05 @ Z+=Z HQ+Q . o
OB o SO e . Q:Fd STAR Preliminary
) | STAR Preliminary | ﬂ—l——#— oo oo S S S
o 1 2 3 4 5 6 0 1 2 3
p|(GeVic) Transverse Momentum p./n (GeV/c)
< >
= Even multi-strange particles show an = Scaling wrt constituent quarks
INPEIRECIRI DR [ VORI eS as suggested by coalescence models
= Using strange particles to probe B/M ( 99 'dy . ) )
differences over a large p, range. seems to provide a consistent picture

See talk from Magali Estienne (Thursday morn.) and Scott Pratt (this aft.)
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Kinetic FO tem

Radial flow velocity

perature

oGeV

!:'
D =2
-4 n

o
o
0

Boris Hippolyte

Global picture of the System Evolution

Reminder: LQCD with T, = 160+10 MeV

o o oy
GM-FCF!G

1‘{{_"

O
H Ty, ~ Ty ~160 MeV > B ~0.45

multi-strange

T, ~90 MeV, B~0.6

Expansion and Cooling

<

rescattering

Chemical FO close to hadronization

Strong Collective Behaviour at
hadronization

400

600
dN,,

fdn

Look for rescattering indirect measures

23/08/04
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Rescattering and Regeneration of Resonances

¢ Initial Production Yields at Chemical F.O;

T
¢ In-medium decay & rescattering of decay products;
¢+ Rescattering may lead to regeneration;
¢ Competition between the two effects (ct) !

K
STAR Preliminary Vs = 200 GeV
2 | pp Awraw QR
K = B A*/Ax3.7
2
o 8 0.5 % ] } ]
S 04 L ? _________________ T o
£ TM[1]
S 03| —
K &
time 3 0.2 + © URQMD[2]
&
Chemical F.O. Kinetic F.O. 011 +
0 | | | |
0 200 400 600 Nen
Using resonance for probing evolution of [1] P Resorémee a?;?;g aREsB1APIE 1)4e1
the system between both F.O. 2] M BI Bab}lend rAichelin S{ﬁbl@tt 530 (2002) 81-87.
M

23/08/04 NPDC18 - P| Then >4fm between T, and Ty, | 26
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S Conclusion

At RHIC, reaching the limits of hydrodynamics may imply early local
thermalization.

-Ambiguities due to initial conditions and the choice of EoS;
-Systematics (more statistics), energy/system scans and PId.

Multiplicity distributions scale well with N ... Data indicate a linear rise from
AGS to RHIC but show no centrality depetidence.

- Rapidity dependencies & PId: more constraints on the system evolution.

Thermal description seems to imply that chemical and thermal (local)
equilibrium i1s reached and that hadrons are born into equilibrium.

- But physics is in the details (strange,heavy): small centrality dependence.

Constituent quark scaling suggests collectivity builds up during a pre-
hadronization stage.

- Will this picture survive an energy scan ?

Rescattering cannot be ignored: At >4fm/c.
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it Outlook

Hadronic observables show important hints of thermalization
at the very early stages of the fireball evolution. Collective
motion is such that it is hard to believe it is developed at the
hadronic level only.

Understanding the details will provide the tools to go to the
next level: from hints to proofs. Many ongoing analysis...

It is just starting..
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EPS
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EPs Particle Density near Mid-Rapidity (|n|< 1)

How do RHIC colliding energies translate into
mid-rapidity hadron production at RHIC ?

> Results from B BOS

19.6 GeV 130 GeV 200 GeV
800 .
_ 600 peripheral _ e
5 : central o T
= 400" i S
T [ E

5
Pseudo-rapidity (n)

0

STAR 200 GeV (prel.) —&—

PHOBOS 200 GeV 8 —
PHENIX 200 GeV (prel.) —o—
BRHAMS 200 GeV —e—I
STAR 130 GeV .—.:_.

PHOBOS 130 GeV -

PHENIX 130 GeV m—
BRAHMS 130 GeV —

PHOBOS 56 GeV —0—

PHOBOS 19.6 GeV +—m—

WA9B dN/dT oyps - 0—
NAS50 dN/d 1) - o—i

NA4Y dN/dn oys o
! | ! R | ! I

1 2 3 4
dN_ /dn| J<IN_ >

i1’ ' part
Nice agreement between all four experiments at RHIC
and between SPS @ 17.2 GeV and RHIC @ 19.6 GeV
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Boris Hippolyte

Thermal Description at the top SPS energies

[F. Becattini et al, hep-ph/0310049]

T, = 158 + 2 MeV
Y. = 0.84+0.03

ng = 247 +8 MeV

T, at SPS close to T,
predicted by LQCD for
the phase transition.

Residuals

Multiplicity (data)

3
10 e
E SpS Pb+Pb collisions 158A GeV ~~_#"n
il K 'J#:
10 “ o«
- "ﬁl:,'.' KU
B K
0 g = 4
B A T-157.8£1.9 MeV
| E o -.::"ﬁ *.-"".[l.."'_.z[]:l g 247 417.7 MeV
E . M E v,-0.843£0.033
s ﬂ.-': {2 16,99 dof
]‘] IIIIL“'H | | IIIIII| 1 1 IIIIIII | | IIIIII| 1 11 1 1111
-1 2
10 l 10 10
Multiphicity (model)
5 F
& 3 ’
L S 1
SOE |§*| Y I I N
o KK K'"A A 22 AOB

23/08/04
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wirw, Thermal Description at RHIC (200 GeV)
+ + | . . \ | . &
£ T‘% 2 IHE E £ E TE |3—E £ +§ o ¥ o *5-..
Au+Au _?%'?‘%'?‘#lﬁ}z{f”ﬁ]qgaéyfﬁ_
¢ STAR A v p+p il =
O PHENIX B - vy 7
] . » -
e 7wy ¥ Y5
Fit to - o | - — 7
- Fitted | > ERR AZQ [
— p, K, p 10° = SRRE . _
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Chemical freeze-out around 160 MeV, close to expected critical temperature;
Particle ratios similar in pp for most abundant species;
Deviations of the resonance yields compared to thermal model predictions

indicative of hadronic Ehase (r'esca‘r’rer'ing) after chemical freeze-out
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Strange Baryon Enhancement at CERN : NA57

Heavy ions yields normalized with elementary collisions at same energy

ERPS
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Is the scaling correctly reproduced and is the correlated volume the same for all hyperons ?
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Strange Baryon Enhancement at RHIC : iéjqn

ERPS
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o Similar scaling for baryons and anti-baryons
NPOCIS = Pram
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EPS

..or Phase space Suppression

[Tounsi & Redlich: hep-ph/0111159]
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Yield/N;_ . relative to pp

Y
o

Phase space suppression smaller at RHIC

s = 130 GeV

Q>
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Yield/N,_ . relative to pp

STAR Preliminary
\Is = 200 GeV

Boris Hippolyte

ESTAR

o Correlation volume not well modeled by N,
» Importance of the scaling (more than the normalization)
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Results from BHAHMJS: and KaOS

Kaons carry large percentage 1.0- 3155 v1|33 - .73. I.?.I;I.Igﬁgﬂ.\tf-Aus tb
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Strange Meson Production
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i Elliptic flow

PHOBOS: Phys. Rev. Lett. 89, 222301 (2002)
STAR: Phys. Rev. Lett. 86, 402 (2001)

PHENIX: Phys. Rev. Lett. 89, 212301 (2002)
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Compilation and Figure from M. Kaneta ch™” “max - Centrality (%)

First time in Heavy-lon Collisions a system created which at low
p; Is in quantitative agreement with ideal hydrodynamic model
predictions for v, up to mid-central collisions
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